The effect of bias and geometric symmetry breaking on the electronic spectrum of a model molecular system is studied. Geometric symmetry breaking can either enhance the dissipative effect of the bias, where spectral peaks are disabled, or enable new excitations that are absent under zero bias conditions. The spectral analysis is performed on a simple model system by solving for the electronic response to an instantaneously impulsive perturbation in the dipole approximation.
I. INTRODUCTION
Advances in bulk-bridging by nanoscale and molecular scale wire fabrication motivate researchers to explore the function of these systems as electron transporting devices. A wide range of experimental schemes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] are used to fabricate molecular transport junctions,
where typically large statistical sampling and elaborate control schemes are required. It therefore remains a challenge to identify a robust, controllable, and reproducible molecular junction fabrication scheme. Computational transport modeling through molecular systems has the potential to address this difficulty and has indeed demonstrated strong conductance dependence on geometric aspects related to the bonding at the interface. 13, 14 Proper characterization of bulk-coupled molecular systems is crucial for establishing a meaningful comparison between modeled and measured conductance.
Another promising prospect for enhancing characterization of molecular junctions under bias is offered by combining spectroscopy and current measurements. The charging of a small molecular bridge during the conductance process is coupled with geometric changes of the nuclei. These geometric changes underlie the strong dependence of electron transport (ET) on vibrational degrees of freedom. Experimentally, the vibrational spectra of single molecules are obtained by inelastic electron tunneling spectroscopy (IETS). [15] [16] [17] This procedure has been accompanied by substantial progress in modeling phonon-assisted conduction.
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Other experimental developments combine optical spectroscopy with transport studies, [23] [24] [25] [26] [27] whereby conductance enhancement in the junction is correlated with changes of the in situ measured Raman spectra.
In this study, bias-induced non-equilibrium effects on the electronic spectra of coupled and biased systems are analyzed at the fundamental level. First, we highlight basic bulkcoupling effects on the spectrum of a model molecular system. The electrodes' electronic density of states (DOS) is projected on the junction region, resulting in broadened junction states as illustrated in Figure 1 . Secondly, we consider electronic transitions between the electrode-induced energy bands under bias-induced non-equilibrium conditions. The applied bias leads to dynamical flux through the broadened energy levels that disables and enables electronic transitions. Finally, we correlate symmetry breaking modes for the molecular junction and the effect of applied bias on the electronic spectrum.
In the next section we describe our modeling of the spectrum which involves calculating the junction's electronic density response to an instantaneous impulse in time. The dynamical response is obtained by solving the electronic equations of motion (e.o.m.s) that are expressed using the Keldysh formalism. A time-dependent (TD) first order perturbation theory level (linear response) is used to simplify the expressions. This approach is appropriate to fundamentally treat the electronic response of an electrode-coupled system to TD perturbations. In the following section we describe the method and model used, then we discuss the results and finish with conclusions. Our analysis is performed on a simple model system of a pair of carbon atoms coupled to two gold wires, which allows us to access basic electronic spectral dependence on the applied bias.
II. METHOD
In this section we describe our approach for modeling the electronic spectrum involving electrode-coupled channels under bias conditions. We obtain the electronic spectrum from the dynamic electronic density of a system responding to relevant perturbations. The TD response of the electronic density ρ(t) can be expressed in terms of a TD energy-resolved expression:
The evolving energy-resolved density matrix projected onto the junction is represented by ρ(E, t). The energy dependence reflects the band structure of the junction coupled with the electrodes. The energy bands have finite widths that support current and, thus, contain scattering states that couple both electrodes. For example, in this distribution, a DOS peak centered at E ′ with a ∆E width describes the effectively infinite number of states resulting from the projection. In general, ρ(E, t)dE contributes states to the density matrix (ρ(t)) with energies in the range E to E + dE.
The time dependent response of this energy density to an instantaneously impulsive pulse in the dipole approximation (E 0 δ(t)D, whereD is the dipole operator) is given by:
In this approach, the excitation spectrum of the biased system is contained in the temporal response of the dipole moment (D(t)), where peaks in the frequency representation (D(∆ω) = e i∆ωt D(t)dt) correspond to excitation energies. We now consider, in detail, the solution to the electronic e.o.m.s as derived using Keldysh formalism. It is, however, important to note the following change in notation: the energy distribution variable, E, is replaced byω, and the time variable, t, byt, which corresponds to the notation used in an earlier study.
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We start from a previously derived representation of the electronic e.o.m., where the electrodes' electronic structure is projected onto the junction region:
In this equation h cc is the Hamiltonian and G < is the Green's Function (GF) from which the TD electronic density can be extracted. In the above equation, the subscript cc refers to the central (junction) subspace. Also, this equation and those following are written in atomic units, where ≡ 1. The G < is separated into time dependent and independent components:
The bulk projection is based on using the electrode's self-energy expressed by Σ. The full derivation of Eq. (3) is provided in the reference.
Direct propagation of the e.o.m.s is computationally demanding due to the memory effects. Accordingly, we use TD perturbation theory (PT) to solve for the response of the system to the TD perturbation v(t) that is represented by ∆G < cc (t,ω). As reference for the PT treatment we use the e.o.m. solution under steady biasing conditions (G 0,< cc (ω)). In this approach, the excitation spectrum of the biased system is obtained from the first order electronic response to the instantaneously impulsive perturbing potential (see Eq. 2).
The energy distribution, v cc (t, ω ′ ), of this TD perturbation acting on the electrode-coupled system, v(t), is given in terms of the perturbation's Fourier transform,ṽ cc (2ω):
We solve the above e.o.m in the full frequency representation, where
. While in the frequency domain-based approach the electrode selfenergies can be represented exactly, efficient calculation of the TD PT expansion in the mixed domain-based approach requires a wide band approximation for the electrode selfenergies.
where
Here, Γ ijkl (∆ω) is the broadening function due to coupling to the electrodes, which is generalized to include dynamical effects,
In the above equations ∆ǫ ij ≡ ǫ i − ǫ j is the difference between the i-th and j-th eigenvalues
The implemented formalism includes a broadening factor (η) in defining the tensor H (see Eq. 7).
In the final expression, which can be expanded to arbitrary order in the perturbation, we express the TD electronic density in terms of the evolving occupations of the projected junction states. 29 The band structure due to the electrode-coupling is included directly in this expansion through the energy distribution variable,ω. We note that Eq. (6) involves a tensor of rank four that is contracted with with a matrix (tensor of rank two).
Here, we study the electronic spectrum that can be obtained from the linear response of the electronic density as discussed above. The convolution integral (second term in the RHS of Eq. 6) is dropped in the first order expansion. Using tetradic notation, the tensor H ijkl of rank four with n dimensionality in each index is re-expressed as a matrix with elements H ni+j,nk+l and n 2 dimensionality in each index, likewise a matrix becomes a vector. The first order expansion of Eq. (6) then becomes:
where H ni+j,nk+l (∆ω) ≡ H ijkl (∆ω), and |∆G < CC (∆ω,ω) ni+j ≡ ∆G < CC,ij (∆ω,ω). The first order response matrix is given by:
At the steady state, any transient or TD aspects due to applied bias are completely dissipated. The steady state description, which is used as the reference for the perturbation treatment, is achieved by a proper time independent limit of the above treatment, where the corresponding time independent perturbation v(t) ≡ v • is Fourier transformed as in Eq.
(6) to the frequency domain:
For the steady state, the two-frequency based representation of the e.o.ms is collapsed to a single variable expansion. The resulting expression describes a time independent correction to the unbiased system represented by G 0,< :
where B
CC is contracted with G(0), and in the steady state limit is given by
In calculating G 0,< CC (ω), we use the relationship between G < (ω) and the retarded GF, G R (ω), which entails calculating the Fermi-matrix.

III. MODELS
The electronic spectra of biased molecular junctions are studied using the model system illustrated in Figure 2 . The simple model consists of a one-dimensional wire as the electrode and two sites oriented perpendicularly to the wires as the junction. Each site is described using a single s-type basis function, which is expressed in spherical coordinates relative to the center of each atom. The spherical function size is set to the electronic radius of a gold atom (for wire sites) or carbon atom (for the junction sites).
The Hamiltonian of the system is divided as usual into three parts: the left and right electrodes and the junction region. The junction region, shown in Fig. 2 , consists of the two carbon atoms and three gold atoms from each electrode. Within this region we identify a "core" region consisting of the two carbon atoms and the two center gold atoms between which the carbons are situated. The gold atoms within the wire are spaced 2.88 Angstroms apart and the two core gold atoms are spaced 1.90Å apart. The carbon bond length is set to 3.29Å. In a previous study we found that this "diamond" like structure at the simple model Hamiltonian level provides an opportunity to probe the electronic spectrum of an electrode-coupled system affected by an applied bias.
The atomic orbital Hamiltonian matrix is parametrized based on the ionization potential and evaluated using the following Huckel-type expressions:
where S A,B is the atomic orbital overlap between the s-electron basis functions centered on atoms A and B, I A is the ionization potential for atom A, and K is a constant set to 1.75.
The numerical values for these parameters are provided in Table I . The Hamiltonian is then orthogonalized (H → S −1/2 HS −1/2 ) followed by the imposition of a tight-binding condition within the electrode regions, where only on-site and nearest-neighbor hopping elements are non-zero. All site and hopping elements are kept in the four-site region of the orthogonalized
Hamiltonian that corresponds to the Au-C 2 -Au region of the pre-orthogonalized Hamiltonian. This Hamiltonian is padded with electrode wires of nine gold atoms on each side of the perpendicular C 2 system to ensure that edge effects are minimized in the orthogonalization procedure.
A steady potential bias is applied by chemical potential shifts from the Fermi energy with an opposite sign on each of the electrodes as shown in Fig. 2 . In this study, the electronic spectrum is calculated for the dipole moment oriented along the C-C bond (yaxis). The electronic DOS of the device region at equilibrium (zero applied-bias) are shown in Figures 3 and 4 (left) . As discussed below, in the first figure we consider the electronic spectrum affected by electrode-induced electronic DOS broadening, and in the second figure we consider geometrically-induced symmetry breaking effects. In all calculations, the energy scale is shifted to set the Fermi energy to zero for convenience.
IV. RESULTS
We first study the electrode-coupling effect (broadening of energy states) on the electronic spectrum. The electronic spectrum of the coupled system is provided in Figure 3 (right). We focus on the broadening effect, which can be tuned by the fundamental broadening factor in calculating the retarded GF, G R (ω), of the electrode-coupled system. The broadening of the electronic DOS leads to broadening of the main spectral peak related to the transition between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals. An additional widely broadened peak is observed at lower spectral frequencies and is associated with the band of states in the DOS located energetically between the HOMO and LUMO peaks.
We also study the combined effect of bias and molecular scale motion on the spectrum.
The carbon atoms are shifted by increments of 0.19Å toward either electrode, where the resulting molecular electronic DOS is provided in Figure 4 . The two occupied states respond only slightly to the carbon shift. More substantial changes are observed for the virtual state energies, where a larger, positive shift of the higher virtual state is noted. The corresponding spectra are provided in Fig. 4 (right) . Upon the symmetry breaking shift, the symmetry forbidden HOMO-Virt2 transition becomes allowed (Virt2 denotes the higher unoccupied state, which is the LUMO+1). The two spectral peaks are shifted to higher and lower values in energy, corresponding to the changes in the virtual state energy.
It is important to comment on the HOMO-LUMO transition, where symmetry-induced disabling effects are noted. The molecular orbital picture for the core region at equilibrium (no bias applied) is provided in Figure 5 . The orbital energies, corresponding to Fermi energy of -8.067 eV, are provided along with the orbital assignment. The even/odd symmetry of the original orbitals is broken when the carbons are shifted toward the electrode. Clearly, at equilibrium, shifting the carbon atoms toward either electrode has the same effect on the electronic DOS and therefore on the spectrum. Next we consider the electronic spectrum under applied bias.
Potential bias is applied to the geometrically symmetric system in increments of 2V.
The resulting flux populates and depopulates the virtual and occupied orbitals respectively.
Specifically, the electron flux partially occupies the LUMO and partially depletes the HOMO, affecting the spectrum fundamentally. First, the spectral cross section of the corresponding allowed excitation in the unbiased system is reduced. As the bias is increased, the HOMO-LUMO transition is disabled as illustrated in Figure 6 . The dynamical occupation of the orbitals also affects the spectrum by enabling new transitions that are otherwise absent for the unbiased system. Upon bias induced flux, the Occ1-HOMO transition becomes enabled and increases with increasing applied bias (Occ1 denotes the lower occupied, or HOMO-1 state).
On a side note, we confirm the assignment of the bias-enabled peak to the Occ1-HOMO excitations. The same peak appears in the spectrum of a model device that includes only one gold atom on each side, as shown under biases ranging from 0 to 6V (insert to Fig.   6 ). This model, while insufficient for converging the representation of electrode-coupling, confirms that the additional peaks in the low energy regime are assigned only to intra-gold wire transitions (Fig.6) .
We now consider the application of bias potential to the shifted (symmetry broken) carbon systems. Figures 7(a) and (b) show the spectra when the carbons are shifted toward the source and drain electrode, respectively. We focus on the effect of potential bias on the HOMO-LUMO transition for different geometric shifts. The bias-disabling of this transition is enhanced when the carbons are shifted toward the source. The opposite effect occurs when the symmetry breaking involves a shift toward the drain. In this case, the bias-disabling is diminished and the spectrum features a small increase of the bias-induced peak as well as a shift to higher excitation energies.
To understand the reason for this difference, we reconsider the electronic orbitals illustrated in shifted toward the drain. Therefore, the bias-disabling effect on the HOMO-LUMO spectral peak is enhanced when the geometric shift is oriented toward the source and is decreased when the shift is oriented toward the drain.
The symmetry breaking is more subtle in the case of the occupied orbital transitions.
Unlike the LUMO, the symmetry breaking shifts the projected density toward the closer gold atom. This slight symmetry breaking of the occupied orbitals is reversed by biasinduced flux upon shifting the carbons toward the source and is enhanced when the carbons are shifted toward the drain. Enabling of the Occ1-HOMO transition requires that the HOMO level becomes (at least partially) unoccupied. We find that increasing bias enhances the bias-enabled Occ1-HOMO peak for the geometric shift toward the drain. This peak appears and then is reduced with further increase in bias for the shift toward the source.
V. CONCLUSIONS
The effects of electrode-coupling and bias on the electronic spectrum of a simple molecular model system are analyzed. Fundamentally, electrode-coupling leads to broadened electronic spectral peaks. Furthermore, biasing conditions can lead to substantial changes in the electronic spectrum. Under bias, spectral peaks can be enabled by the dynamical occupation and depletion of levels due to the electron flux. The dynamical occupation will therefore reduce spectral peaks that are present at equilibrium conditions but can also enable additional transitions, for example, those between equilibrium occupied levels. Symmetry breaking molecular motion fundamentally affects the spectrum by enabling symmetry forbidden transitions. The bias effect on the spectrum can be negated or enhanced by this symmetry breaking of molecular orbitals. 
